Abstract-Level crossing rate (LCR) and average fade duration (AFD) of a new (Beaulieu-Xie) fading model are analyzed. The characteristic function method is used to derive the LCR for a diversity scheme using maximal ratio combining. The LCR and AFD of the Beaulieu-Xie fading model show improvement beyond the performance levels of the Ricean and Nakagami-m fading models.
T HE RICEAN fading model has gained acceptance due to its ability to characterize wireless systems with a dominant line-of-sight (LOS) channel and multiple non-lineof-sight (NLOS) channels. However, the Ricean fading model has limited flexibility in characterizing the broad range of signal fades from reflections and shadowing. In contrast, the Nakagami-m distribution has been found to be an effective fading model because it includes a flexible fading parameter, allowing it to be adapted for varying levels of severity in signal fades. However, attempts to apply the Nakagami-m fading model to wireless systems with both LOS and NLOS channels have been unsuccessful. This is because the Nakagami-m fading model is a normalized form of the chi-distribution, which cannot define a LOS channel [1] [2] [3] .
Given the benefits and challenges of the Ricean and Nakagami-m fading models, these models were recently merged into a new fading model by Beaulieu and Jiandong [4] . The Beaulieu-Xie fading model acquires the benefits of the Nakagami-m fading model, in that it has a flexible fading parameter, and the benefits of the Ricean fading model, in that its use of a non-central chi-distribution allows it to characterize both LOS and NLOS channels. In this letter, the level crossing rate (LCR) and average fade duration (AFD) [5] are computed to evaluate the dynamic performance of the Beaulieu-Xie model. The LCR and AFD are key second-order statistics that define the quality of the received signal. The AFD is especially critical in understanding the statistics of error bursts [6] via maximal ratio combining (MRC) [7] . Such a method overcomes the analytical complexities of derivations employing the joint probability density function (pdf 2 , where X i is a non-zero Gaussian distributed RV and 
where I n (·) is the nth order modified Bessel function of the first kind and λ is the non-centrality parameter, which is related to the mean and variance values of the Gaussian RVs by
A new RV can be obtained by normalizing Y by 2m with the parameters m = k 2 and . The Beaulieu and Xie [4] fading pdf is given by (2) shown at the bottom of the next page. Using the in-phase and quadrature approach [8] , one can derive the phase distribution of the Beaulieu-Xie fading model. The parameter m quantifies the severity of the fading, i.e., the higher the value of m, the less severe the fading conditions. Ultimately, m controls the shape, controls the spread, and λ impacts the location and height of the mode of the pdf [4] . The performance of this new fading model in different fading conditions is illustrated with symbol error rate curves in [4] .
III. LEVEL CROSSING RATE
The LCR and AFD are key metrics to dynamic performance in mobile communication systems [5] . The rate of change of the received signal in mobile communication can be easily 2162-2345 c 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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related to the crossing (signal) level 1 and velocity [9] . The LCR, N R (r), is the average number of times a fading signal crosses a given signal level, r, within a certain period of time, t. Here, the envelope of the received signal, R(t), is subjected to Beaulieu-Xie fading with the pdf in (2) . The LCR in the fading environment can be expressed as
where f R,Ṙ (r,ṙ) is the joint pdf of R(t) and its time derivative, R(t), and the second equality follows when R(t) is assumed to be independent ofṘ(t). Hereafter, for simplicity we will omit t. For single branch reception, the pdf of the time derivative of the received signal envelope,Ṙ(t), is [10, eq. (8)]
r is the time derivative of the variance ofṘ(t). The variance ofṘ(t) for the Ricean fading model is [10] 
We insert (6) into (4), and (2) into (3), and apply mathematical manipulations to give LCR in (7) as shown at the bottom of the next page.
IV. AVERAGE FADE DURATION
The AFD, T R (r), is the average time that the received envelope, R(t), remains below a given crossing (signal) level, r, after crossing it in the negative direction [10] . The AFD is
where 
1 Crossing level and signal level are used interchangeably in this letter. 
V. SIMULATION RESULTS
The Beaulieu-Xie fading model is simulated using MATLAB to show the effects of various parameters and compare the observations to those of the existing Ricean fading model. Figure 1 shows the normalized LCR curves of the BeaulieuXie, Ricean, and Nakagami-m fading models as a function of the crossing level, r. It is seen that the normalized LCR of the Beaulieu-Xie fading model approaches that of the Ricean fading model as m is reduced to 1, corresponding to increased fading severity, at the same LOS and NLOS powers. The LCR values of the Beaulieu-Xie fading model are lower than those of the Ricean and Nakagami-m fading model. The inset figure shows the effect of the K-factor on the LCR of Beaulieu-Xie fading. An increase in K-factor corresponds to an increase to the LOS power, which leads to lower LCR values. Figures 2  and 3 show the LCR and AFD as a function of the crossing level, r, for vehicular speeds up to 100 km/h. The LCR and AFD are seen to be dependent on the speed of the mobile device, i.e., dependent on the maximum Doppler shift frequency f m . The LCR increases as f m becomes large while AFD decreases as the f m becomes large. Figure 4 shows the AFD as a function of the crossing level, r, for the fading parameter, m. 
VI. LEVEL CROSSING RATE EXPRESSION FOR MAXIMAL RATIO COMBINING
Diversity combining techniques can counter variations in the envelope of a received signal in wireless systems. The LCR and AFD are two important statistics that can be used to analyze such diversity schemes.
In [7] , the LCR was calculated using a CF method, as an alternative to the standard pdf method. Using this approach, we define the LCR as the expected number of occurrences per unit time that a stationary random process R(t) crosses the signal level r. This is expressed using Rice's formula as [12] 
where E[·] denotes the expectation operation and |·| denotes the absolute value operator, which is obtained from its joint CF. Note that |ṙ| =ṙsgn(ṙ), where sgn(·) is the signum function. The joint CF of R(t) andṘ(t) is defined as
, where j 2 = −1. We rewrite (10) using Fourier transforms as (11) shown at the bottom of this page, where F [·] is the Fourier transform operator, * is the complex conjugate operator, and
Substituting (12) into (11) gives (13), as shown at the bottom of this page [7] , [14] . We define the total instantaneous signalto-noise ratio (SNR) at the output of MRC diversity system as
where L is the number of branches and R l is the instantaneous SNR of the lth branch. Here, R l is expressed as
assuming unit noise variance, where k = 2m signifies the degrees of freedom for the diversity system and m is the fading parameter. For the lth branch, X l,i 's are independent and identically distributed (i.i.d.) Gaussian RVs with equal mean μ l and equal variance a l . Thus, the joint CF for independent branches can be written as (16) shown at the bottom of this page. For each l,Ẋ l,i 's are Gaussian RVs with zero mean and equal variance b l . Equation (16) can also be expressed with the following vectors and matrices: 
where the superscript T denotes the transpose, v l is a mean vector, and C l is a covariance matrix. We continue by expressing (16) as [7] , [14] where I is a 2k-by-2k identity matrix and det(·) denotes the determinant. Substituting the vectors and matrices into (17) and applying mathematical manipulations, we obtain
for the Beaulieu-Xie fading model. We assume that the instantaneous SNR of each branch is independent and write
The LCR is then obtained by substituting (19) into (13) . Figure 5 shows the LCR as a function of the crossing level, r, at the output of a three-branch MRC combiner, using CF methods for Ricean, Nakagami-m and BeaulieuXie fading models. The inset figures show LCR curves for fading parameters of m = 1. clearly outperforms the Ricean and Nakagami-m fading models. Also, it is seen that m impacts the LCR of the system; as m is reduced, the rate of fading in the system increases. A notable difference between the non-i.i.d. and i.i.d. cases is apparent here. This can be a key consideration in system design [7] .
VII. CONCLUSION
We studied the LCR for the Beaulieu-Xie fading model and used the CF method to develop an analytical expression for the LCR in an MRC diversity system. The performance of the Beaulieu-Xie fading model was analyzed for various crossing levels, LOS powers, and maximum Doppler frequencies. This fading model can be potentially used to describe high speed train scenario where the LCR becomes relatively insensitive to large Doppler shift. While more evidence needs to be established and show the Beaulieu-Xie model is a better fit to certain realistic communication scenarios, this task further calls for the need to develop efficient parameter estimation of the Beaulieu-Xie fading model.
